The development of high performance nano-electron-emitter arrays with well reliability still proves challenging. Here, we report a featured integrated nano-electron-emitter. The vertically aligned nanoemitter consists of two segments. The top segment is an intrinsically lightly n-type doped ZnO nano-tip, while the bottom segment is a heavily p-type doped Si nano-pillar (denoted as p-Si/ZnO nano-emitter). The anode voltage not only extracted the electron emission from the emitter apex but also induced the inter-band electron tunneling at the surface of the p-Si/ZnO nano-junction. The designed p-Si/ ZnO emitter is equivalent to a ZnO nano-tip individually ballasted by a p-Si/ZnO diode and a parasitic tunneling field effect transistor (TFET) at the surface of the p-Si/ZnO junction. The parasitic TFET provides a channel for the supply of emitting electron, while the p-Si/ZnO diode is benefit for impeding the current overloading and prevent the emitters from a catastrophic breakdown. Well repeatable and stable field emission current were obtained from the p-Si/ZnO nano-emitters. High performance nanoemitters was developed using diamond-like-carbon coated p-Si/ZnO tip array (500 × 500), i.e., 178 μA (4.48 mA/cm 2 ) at 75.7 MV/m.
Array of well-defined individual field electron emitter is severely desiderated in parallel electron beam lithography [1] [2] [3] , vacuum transistors [4] [5] [6] , and high frequency amplifier 7, 8 . The field emission current density and stability, emitter-to-emitter uniformity in an array, and cathode reliability are the key metrics for emitter performance in the majority of these applications. Most of the practical field electron emitter arrays suffer from non-uniform and unreliable emission caused by spatial variation of the emitter profile and effective surface potential barrier. Only a small portion of outstanding emitters in an array contribute field emission. Those outstanding emitters may overload and burn out at a relatively higher current level. In-situ integrations of individual ballast resistor 9 , rational designed current limiter 10, 11 or field effect transistor [12] [13] [14] in series with emitters are effective to improve their uniformity and reliability. The ballast elements can suppress the excessive emission current and reduce the current fluctuation. It can also improve the emitter-to-emitter uniformity in performance. For example, A. Wisitsora-at et al., has fabricated innovative field emitter consisting of an individual nano-diamond tip sitting on a ballast resistor "pole" 9 . The diamond pole ballast resistor provide self-limiting of emission current that improves the total current density as well as the emission current stability. In this strategy, the resistor is a linear load and suppresses the emission in a passive way. L. F. Velásquez-García et al., invented an emitter structure of Si tips that are individually ballasted by a high aspect ratio Si column. The Si column utilizes the effect of the velocity saturation of electrons to achieve current-source-like behavior. The technology can be used to implement cathodes capable of uniform and high current emission 10, 11 . Moreover, there are some other complicated integrated Scientific RepoRts | 6:33983 | DOI: 10.1038/srep33983
structures that employ active devices such as metal oxide semiconductor field effect transistors (MOSFET) 13 and thin film transistors (TFT) 14 . The integration of the transistor with the emitter has the featured actively-controlled effect. The supply of the emitted electrons is controlled by the gate voltage of the transistor using the saturation of its conduction channel. Thus, the current stability and uniformity are improved. However, those transistors in series with outstanding emitters may take the risk of drain-source breakdown. It is because the transistors may work in the full saturation region and stand much higher source-drain voltage 15 . Typically, it requires a large transistor channel area and thus the density of the field emitters is limited.
In the present work, we reported an integrated field emitter structure, ZnO nano-emitter individually ballasted by a p-Si/ZnO nano-junction (denoted as p-Si/ZnO nano-emitter). The vertically aligned nano-emitter consists of two segments. The top segment is a ZnO nano-tip (intrinsically lightly n-type doped 16, 17 ) prepared by hydrothermal method. The lower segment is a heavily p-type doped Si nano-pillar. In the field emission measurement, the p-Si/ZnO junction is reversely biased and the field emission current is ballasted by the junction. It is well known that the reversely biased p-n junction would block the current flow 18, 19 . However, we found that a repeatable and stable field emission current from the p-Si/ZnO nano-emitter array is moderately increased with the rising anode voltage. The field emission current is dramatically higher and the emitters are far more reliable than those of the Si/ZnO nano-emitter arrays with n-n junctions (denoted as n-Si/ZnO nano-emitter). A set of measurements on the electrical and field emission properties of the individual nano-emitters were performed. Combining the experimental evidences with the numerical simulation results, we proposed that the anode voltage not only extracted the electron emission from the emitter, but also induced the inter-band electron tunneling at the surface of the p-Si/ZnO nano-junction. The designed p-Si/ZnO emitter is equivalent to a ZnO nano-emitter individually ballasted by a p-n diode in the interior and a parasitic tunneling field effect transistor (TFET) at the surface of the p-Si/ZnO junction, respectively. The work provides an alternative way to develop field emitters with high current density by utilizing self-modulated electron tunneling at the ballasted p-n junction.
Results and Discussion
Figure 1(a) shows the schematic diagram of the fabrication procedure of the integrated p-Si/ZnO nano-electron-emitters. Figure 1(b) is the typical scanning electron microscopy (SEM) image of the p-Si/ZnO nano-emitter array. Figure 1(c) is the typical transmission electron microscopy (TEM) image of a p-Si/ZnO nano-emitter. The length of the top ZnO nano-tip and bottom Si pillar are 500 nm and 650 nm, respectively. The radius of the ZnO nano-tip apex is about 30 nm. The ZnO nano-tip is in well crystalline structure 20 . The high resolution TEM (HRTEM) ( Fig. 1(d) ) and selected area electron diffraction (the inset of Fig. 1(c) ) investigations showing that the Si/ZnO interface is filled with ZnO nano-crystals. The growth of the ZnO nanowire coexists with the etching of the seed layer 21 . Therefore, the nano-crystals are either the pre-deposited seeds or the formed crystal at the beginning of the growth. One of those nano-crystals would dominate the growth to form a crystalline nanowire, while leaving the rest of nano-crystals at the Si/ZnO interface.
The n-Si/ZnO nano-emitters are also fabricated for comparative studies. The typical SEM image of the n-Si/ ZnO nano-emitters was given in the Supplementary Information, i.e., Figure S1 . The p-Si/ZnO and n-Si/ZnO nano-emitters have the similar profile and they are in good uniformity. The field electron emission from the individual nano-emitter and the arrays (500 × 500) were investigated. Figure 2(a) shows the typical emission current vs voltage (I-V) curves of a single n-Si/ZnO nano-emitter. The corresponding Fowler-Nordheim (F-N) plots are indicated as insets. The emission current of the single n-Si/ZnO nano-emitter is relatively noisy, which is the typical field emission behavior of the single ZnO nanowire on n-type Si substrates 20, 22 . The current fluctuation may cause by the surface desorption 23 . Distinctly, the single p-Si/ZnO nano-emitter possesses well reproducible and stable field emission I-V curves ( Fig. 2(b) ). Higher applied voltage is needed for the p-Si/ZnO nano-emitters to obtain the same emission current, i.e., 425-440 V for 4 nA. Field emission current vs electric field (I-E) properties of the nano-emitter arrays respectively with 2-μ m-pitch and 4-μ m-pitch were investigated. The n-Si/ZnO emitters is likely to fail at an electric field around ~90 MV/m, while that of the p-Si/ZnO emitters is ~ 100 MV/m. Accordingly, the maximum applied fields were carefully controlled to obtain well repeated I-E curves and the typical results are given in Fig. 2(c,d) . The I-E curves of the p-Si/ZnO emitters at the low field level showed similar behaviors to that of the n-Si/ZnO emitters. However, the p-Si/ZnO emitters possess much higher capability of field electron emission than that of the n-Si/ZnO emitters. For the p-Si/ZnO emitters with 2-μ m-pitch, the emission current is 22 μ A at 88 MV/m. Much higher emission current was obtained from the p-Si/ZnO emitters with 4-μ m-pitch, i.e., 56 μ A at 90 MV/m.
The current vs time (I-t) properties of the nano-emitter arrays were also measured. The test duration is 2 hours. We defined the current fluctuation as R = 2σ/I avg , where σ is the standard deviation and I avg is the average emission current. As indicated in Fig. 3(a) , the current fluctuation of the 2-μ m-pitch p-Si/ZnO and n-Si/ZnO emitter arrays are 6.8% and 15.2%, respectively. The n-Si/ZnO emitters showing a slightly current degradation. In Fig. 3(b) , the 4-μ m-pitch n-Si/ZnO array showed distinct current degradation (black line) and the current dropped by 35.8% in 2 hours. The emission current of the 4-μ m-pitch p-Si/ZnO emitters also showed a slight degradation, while the current is relatively stable and the current fluctuation is 7.5%. Figure 3 (c,d) are the typical SEM images of the n-Si/ZnO and p-Si/ZnO emitter samples after the current stability tests, respectively. More than 90% emitters in the n-Si/ZnO emitter arrays were broken, while the p-Si/ZnO emitters remained good integrity. The breakdown of the n-Si/ZnO emitters is likely induced by the emission current generated joule heat. Further confirmatory experiments of low voltage parallel electron beam lithography using the Si/ZnO nano-emitter arrays are needed to investigate the emission uniformity of the individual emitters in an array.
The n-Si/ZnO and p-Si/ZnO nano-emitters are fabricated using the same procedure and the profiles are in good uniformity. The nano-junctions may play a key role for their distinct field emission properties. The investigation on the electric conductance of the individual nano-junctions may provide evidences. Figure 4(a,b) showed the typical conductance I-V curves of the individual n-Si/ZnO and p-Si/ZnO nano-junction, respectively. The corresponding band diagrams of the junctions are also given in Fig. 4(c,d) . The dark curves in the figures indicating the band structures of the nano-junctions in thermal equilibrium, while the red curves showing those with applied voltage. The current of the n-Si/ZnO nano-junction gradually rises following the increase of the applied voltage without an obvious threshold. The curves show notable asymmetry in a larger current range (the inset of Fig. 4(a) ). The ZnO nanowire prepared by hydrothermal method is lightly n-type doped with carrier concentration of 10 16~1 0 18 cm −3 16,17,24-26 . The n-Si/ZnO junction is a n-n contact (Fig. 4(c) ). The conductance behavior of the n-Si/ZnO junction could be depicted by the thermal electron emission model 27 . Accordingly, the asymmetry of the I-V curves is mainly attributed to the difference of electron density in Si and ZnO. Weak ballasted effect is provided by the n-Si/ZnO junction, result in the noisy field emission and the poor reliability of the n-Si/ZnO emitters. On the other hand, the I-V curves of the p-Si/ZnO nano-junction show the turn-on voltages of − 1.0 V and 1.6 V at the forward biased (a negative voltage on the ZnO) and reversely biased (a positive voltage on the ZnO) statuses, respectively. When the p-Si/ZnO nano-junction is forward biased, the current is mainly contributed by electron diffusion, while the threshold is determined by the potential barrier which is estimated to be 0.96 eV for the electron. In the reversely biased status, only "generation current" was recorded when the applied voltage lower than the turn-on voltage. After turn-on, inter-band tunneling dominated the current flow and a remarkable current 0.24 μ A was obtained at 2.5 V (inset of Fig. 4(b) ). The low turn-on voltage (1.6 V) of the tunneling suggests that it is multi-step tunneling assisted by defect states at the Si/ZnO interface 28 . The inter-band tunneling model provides a clue for understanding the field emission characteristics of the p-Si/ZnO nano-emitters. It is clear that the p-Si/ZnO nano-junction is subjected to different electric field distributions in the field emission measurement and the conductance test. We thus built a two-dimensional axis symmetric model using COMSOL Multi-physics software to qualitatively explore how the field penetration affect the depletion region of the p-Si/ZnO nano-junction during field emission, and further influence the inter-band tunneling. Figure 5(a) shows the simulation results, i.e., the electron distribution of the n-Si/ZnO (left) and p-Si/ZnO (right) nano-junction subjected to the field induced by an anode voltage of 400 V. For the n-Si/ZnO nano-junction, one can see a thin layer of electron accumulation layer beneath the surface of ZnO and there is no depletion region in ZnO. Accordingly, the conductivity of the n-Si/ZnO nano-junction is improved. However, the p-Si/ZnO nano-junction shows a wide depletion region in the ZnO. It is because the Si is heavily p-type doped (1 × 10 19 cm
), while the ZnO is lightly n-type doped (supposed to be 5 × 10 16 cm
−3
). The anode voltage induced the field penetration and formed an electron accumulation layer at the surface of the nano-junction. According to the simulation results, the electron accumulation would reduce the width of the depletion region by a half and enhance the peak electric field to over 5 times compare with those in the center axis of the p-Si/ZnO junction. So the inter-band tunneling current would firstly occur beneath the surface. This is similar to the working principle of the tunneling field effect transistor (TFET) 29 . Due to the fact that the Si/ZnO interface is filled with ZnO nano-crystals. Double Schottky barrier (DSB) will be formed between grain boundaries (GBs) of ZnO at electrostatic and thermal equilibrium 30 . For the ZnO nano-crystals with multi-GBs, the DSBs will overlap one another and form unsmoothed potential profile with small waves 31 . Such a potential profile could still be modulated by the penetrating field 31 . Figure 5 (b) schematically represent the band diagram of the p-Si/ZnO interface, taking account of the ZnO nano-crystal GBs. In the ZnO, the energy band (red color) would bent downward due to the penetrated field. Analogous to the simulation results, the depletion region in the interior would be much wider than that at the surface of the junction. Thus the electrons is difficult to transfer from the valence band of Si to the conduction band of ZnO. The penetrated field would reduce the width of the depletion region at the surface of the junction (red lines), induced the band to band tunneling (Zener tunneling) at the junction surface. The defect states at the interface would act as multi-stairs to assist the tunneling. Therefore, it is an important issue to accurately control the density and spatial distribution of the nano-crystal at the p-Si/ZnO interface. However, controlling the nano-crystal density is quite difficult by using the present synthetic process of ZnO nanowires, i.e., hydrothermal method. We proposed that further studies by using molecular beam epitaxy (MBE) or atomic layer deposition (ALD), to do the energy-band engineering at the p-Si/ZnO interface and optimize the performance of the novel nano-emitters.
We propose that the field emission current of the p-Si/ZnO emitter is supplied by the parasitic TFET at the surface of the nano-junction, while the interior p-n junction block the current. Figure 5 (c) schematically shows the equivalent circuit. The parasitic TFET at the surface is in parallel with the interior p-n diode. During field emission, the applied anode voltage would extract electron emission from the ZnO apex, which would then poise voltage drop on the p-Si/ZnO junction. This is equivalent to a drain voltage (U D ) applied on the TFET. The applied anode voltage would also induce field penetration perpendicular to the surface of the p-Si/ZnO junction, which would possess the same effect as a gate voltage (U G ). Both the U D and U G increase follow the raise of the anode voltage. The field emission current is increased exponentially with the anode voltage, while the electron supply from the parasitic TFET increases in a much slower pace and even gets saturate due to the narrow tunneling channel at the surface. The parasitic TFET is likely to work in the saturation region during field emission. Figure 5 (d) schematically reveal the working principle of the p-Si/ZnO nano-emitter. The solid red curve across point 1~4 depicts the working condition of the parasitic TFET during field emission. The four points all locate in the saturation region of the parasitic TFET. Field emission current could be ballasted by the saturation of the parasitic TFET and given stable emission current. With the increasing anode voltage, the current passing through the TFET (finally contributes to field emission) could moderately increase due to the gradually enhancing field penetration. However, if the U D is larger than the breakdown voltage of the reversely biased interior p-n diode, the p-Si/ZnO junction is fully "open", no ballasted effect can be obtained.
The F-N plots of the single p-Si/ZnO nano-emitters also conform to the parasitic TFET model. As indicated in the inset of Fig. 2(b) , the F-N plots can be divided into 3 regions. In region-A, the field emission just turns on. The emission current is much lower than the saturation current of the parasitic TFET. The parasitic TFET was working in the liner region, and could not be a good ballast for the emitter. The F-N plots showing obvious fluctuation. The F-N plots in region-B coincide well and behave slightly bend down at the medium field, which is similar to the F-N plots in the insets of Fig. 2(c,d) . This indicates that the parasitic TFET was working in the saturation region, and ballasted the field emission current from fluctuation. Therefore, higher applied voltage is needed for the p-Si/ZnO nano-emitters to obtain the same emission current than that of the n-Si/ZnO nano-emitter. However, the F-N plots bend upward in region-C, which suggests a weaker ballast effect by the parasitic TFET. It is because the parasitic TFET could not supply enough current for field emission, then the voltage drop (U D ) on the p-Si/ZnO junction would increase. When the U D is comparable to the breakdown voltage (1.6 V) of the reversely biased interior p-n diode, the diode would contribute reverse current. Adequate supply of electron resulted in the up-bend F-N plots. Because each p-Si/ZnO emitter in an array is individually ballasted by a parasitic TFET, they has less probability to become hotspots. More emitters would contribute to the field emission current. The field emission stability and reliability of the p-Si/ZnO array were improved. Thus the p-Si/ZnO array showed higher field emission current and better reliability.
It is also needed to address the difference in field emission performance of the p-Si/ZnO nano-emitter arrays with 2 and 4 μ m pitch. According to the earlier literatures [32] [33] [34] [35] , screen effect is a common phenomenon and important issue for the field electron emitter. It has been confirmedly demonstrated that dense arrays possessed stronger field screen effect [32] [33] [34] [35] . Thus, the p-Si/ZnO nano-emitter arrays with 2 μ m pitch possess stronger field screen effect than that of the array with 4 μ m pitch. Numerical simulation has showed that the local electric field at the apex (E t ) and the junction surface (E r ) have decreased by a percentage of 18% and 39%, respectively, when the separation of the emitters reduced from 4 to 2 μ m. Although the decrease of E t could reduce the emission current, we believed that the remarkable decrease of the E r may also play a crucial role. Lower E r means lower U G for the parasitic TFET, thus the supply of electrons are limited. Then the voltage drop on the nano-junction would increase, which would then induce the breakdown of the p-Si/ZnO junction. Thus the ballasting effect of the parasitic TFET would lose. Therefore, it is very crucial to ensure sufficient penetrating field strength at the surface of the p-Si/ZnO nano-junction, which means that the p-Si/ZnO nano-junction should expose to the electric field. This is the unique feature of the emitters we studied in the present work 20, [36] [37] [38] . Furthermore, it is very crucial to optimize the tip-to-tip separation in a nano-emitter array to achieve the best field emission performance. Therefore, systematic studies are needed to investigate the effect of emitter density on the emission performance.
It has been reported that the high electric field would assist evaporation of oxygen, leaving the zinc rich apex 23 . We believed that it is one of the reasons responsible for the observed current degradation of the 4-μ m-pitch p-Si/ ZnO emitters (Fig. 2(b) ). To further improve the field emission current and the reliability of the p-Si/ZnO array, we employed diamond like carbon (DLC) thin film to cover the p-Si/ZnO emitter surface. Figure 6(a) showed the typical field emission I-E curves and the F-N plots. A field to obtain an emission current of 10 μ A is 52.4 MV/m, which is much lower than that of the p-Si/ZnO sample without coating (i.e., 79.5 MV/m). A high current level of 178 μ A (4.48 mA/cm 2 ) was obtained at 75.7 MV/m. The current is more than 40 times to that of the uncoated p-Si/ ZnO emitters at the same applied field (in Fig. 2(b) ). Figure 6(b) is the I-t curve of DLC coated p-Si/ZnO emitter array in current stability measurement. The emission current (average value ~43 μ A) showed a low fluctuation rate of 4.1% during the 2-hour-test. The enhanced field emission from the DLC coated semiconductor emitters has been comprehensively discussed elsewhere 39, 40 . Briefly, both the DLC surface and ZnO/DLC interface possess lower potential barrier, which is favorable for field emission. In addition, the well hardness and stronger C-C bond of the DLC would also suppress the surface diffusion and deconstruction of the ZnO apex 40 . The dielectric DLC film is 2 nm in thickness, which may not weaken the field penetration effect. So the p-Si/ZnO nano-junction would ballast the field emission current though the parasitic TFET. As indicated in the inset of Fig. 6(a) , the F-N plot bend downward at higher field for DLC coated p-Si/ZnO nano-emitter array.
Conclusions
High performance and reliable p-Si/ZnO nano-emitters were developed. Both the experimental and simulation results suggested that the anode voltage not only induced the electron emission from the emitter apex but also the inter-band electron tunneling at the surface of the p-Si/ZnO nano-junction. The designed p-Si/ZnO emitter is equivalent to a ZnO nano-emitter individually ballasted by a parasitic TFET at the surface of the p-Si/ZnO junction. The parasitic TFET provides a channel for the supply of emitting electron, while the p-Si/ZnO junction is benefit for impeding the current overloading and prevent the emitters from a catastrophic breakdown. The work provides an alternative way to develop field emitters with self-modulated electron tunneling at the ballasted p-n junction to obtain uniform emitter array with high current density. × 10 19 cm −3 ) <100> Si chip was used as substrates. A layer of zinc (15 nm) was coated on the Si substrate by sputtering and oxidized to form ZnO "seeds" for the growth of ZnO nanowires. The PMMA (polymethyl methacrylate) nanohole arrays were fabricated on the substrate by electron beam lithography (Raith e-line). Vertically aligned individual ZnO-nano-tips were grown locally in the PMMA nano-hole using the low-temperature hydrothermal method. The ZnO nanowire was grew exceeding the nano hole. The over-growth portion was removed by an ultrasonic bathing, leaving the uniform ZnO nano-tip array in the PMMA nano-holes 20 . Well-defined ZnO nanotip arrays was obtained by removing the residual PMMA. Followed by etching the seed-layer with oxygen plasma, an anisotropic etch of Si was performed to obtain the vertically aligned p-Si/ZnO nano-emitters. In addition, array of n-Si/ZnO nano-emitter was fabricated for comparative studies following the same procedure. N-type (arsenic-doped; ~1 × 10 19 cm −3
) < 100> Si chip was used as substrate. Both the p-Si/ZnO and n-Si/ZnO emitters have the similar profile and they are in good uniformity. The nano-emitters were annealed in Ar atmosphere at 400 °C for 2 hours for degasing.
Morphology and Structure Investigations. The morphology and structural characterization were performed using a scanning electron microscopy (SEM, Zeiss Supra 55) and transmission electron microscopy (TEM, Titan G2 80-300).
Field Electron Emission and Electrical Tests. The field emission measurements of the nano-emitter arrays (500× 500) were performed in an ultra-high vacuum system (4 × 10 −8 Pa). The typical cathode-anode separation is 35 μ m and the anode is an indium tin oxide (ITO) coated glass. A power supply (Keithley 248) and a picoammeter (Keithley 6485) were used for the measurement. The field emission and electric conductance measurements of the individual nano-emitters were carried out using a modified SEM, which is equipped with a precisely manipulated (2 nm per step) anode probe (gold coated tungsten tip). The tip radius of the anode probe is 50 nm and the typical cathode-anode separation is 500 nm. A thin layer of aluminum was coated on the backside of the Si chip for achieving an ohmic-contact between the sample and the holder. In the conductance measurement, a well electric contact was obtained by "melting" the ZnO apex and making it soldered with the probe by current conditioning. A picoammeter (Keithley 6487) was using for both the field emission measurement and the electric contact measurements. Simulations. The simulation was performed using Comsol Multiphysics software. We built a 2-dimensional axis symmetric model. The geometry parameters were set according to the nano-emitter samples. The length of the ZnO nanotip and Si pillar is 500 nm and 650 nm, respectively. The diameter of the junction is 120 nm. An anode probe whose radius is 50 nm was placed 500 nm above the ZnO nanotip whose radius is 30 nm. The simulation model would address two coupling processes. Firstly, electric field induced by the anode voltage would cause electron accumulation on the surface of the p-Si/ZnO nano-emitter. Secondly, the redistribution of charge in the p-Si/ZnO emitter would cause the change of the electric field in the vacuum. The two coupling processes would finally reach a balance-state which is determined by the potential continuity boundary condition at the interface between the p-Si/ZnO and vacuum region. More detail of the simulation is presented in the Supplementary Information.
